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Soseavch  '?n  nolten  sctals  «f  heat.-cra*s£fflr 
aei-.Lj  and  thetxcrlynaric  Botkinj  fluids  is  eenc.isni- 
It'S  fit  a  Ti'-r.ber  of  sites.  Major  emphasis  today  is 
on  sodium  as  the  coolant  for  fast-breeder  power- 
pr&i’jtcinjj  nuclear  reactors.  However,  other  appli¬ 
cations  and  other  liquid  metals  are  still  receiving 
attention  (o.g.,  lithium  for  cooling  rocket  nozzles; 
ctas&ine-cycle  space  power  systems  involving  potes- 
.ttas,  lithium,  norewry,  and  flalC;  magnetohydrodynso- 
it  generators  with  cesium- seeded  plasma;  and  therm¬ 
ionic  generators  with  lithiua-heated  cathodes  and 
:.cs in  space-charge  neutralization) . 

UTECT.E  REVIEW 

k  critical  review  of  the  literature  cn  the 
solubilities  of  transition  Betels  in  sol  ten  alkali 
sad  alkaline-earth  metals  has  been  published  by 
hewrenco  Radiation  Laboratory. (1)  This  valuable 
cCttpilntioii  suznarizer.  tho  data  graphically  on  each 
of  the  r'.sorous  systems  studied.  Solvents  covered 
ere  lithium,  sodium,  potassium,  rubidium,  ccsiua, 
r.agnosiua,  calcium,  lanthanum,  and  cerium.  Solutes 
include  iron,  nickel,  chromium,  cobalt,  manganese, 
tivsnisr,  tantalum,  molybdenum,  vanadium,  tungsten, 
raniua,  and  tirconiua. 

A  detailed  review  of  liquid-octal  enbrittle- 
ffient  fhcncrcna  has  bean  published  by  Martin-Mariet¬ 
ta.  ^2;  The  reviewers  believe  that  chemisorption  of 
the  liquid  metal  reduces  the  atomic-bond  strength  at 
regions  of  stress  concentration  in  the  solid  metal. 
They  disagree  with  Robertson's  concept  that  embrit¬ 
tlement  results  from  stress-enhanced  dissolution 
ar.d  subsequent  diffusion  of  the  liquid  metal  at  a 
crock  tip.  (3)  The  review  discusses  the  effects  of 
chemical  composition,  temperature,  prestrain,  and 
rate  of  loading  en  severity  of  embrittlement,  and 
concludes  that  there  are  still  substantial  gaps  in 
cur  understanding  of  the  phenomena. 

A  state-of-the-art  review  of  the  compatibil¬ 
ity  of  construction  materials  with  alkali  metals  for 
space  nuclear  power  systems  has  bean  published  by 
workers  at  Oak  Ridge. (4)  Because  operating  tempera¬ 
tures  must  be  as  high  as  feasible,  refractory  metals 
appear  to  bo  the  most  promising  construction-mater¬ 
ial  candidates.  Lithium,  potassium,  and  cesium  are 
tho  fluids  which  have  been  given  most  attention  as 
neat-transfer  and  working  media  for  high-performance 
space  nuclear  reactors  utilising  Rankine-cyclc  con¬ 
vention.  Interactions  among  the  myriad  corrosion- 
governing  parameters  (c.g.,  temperature,  temperature 
gradient,  surface-to-voluse  ratios,  purity  of  mater¬ 
ials,  flew  conditions,  presence  of  dissimilar 
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ion  of  the  container) 

sake  the  corrosion  behavior  in  ony  conceptual  ssystea 
difficult  to  predict  quantitatively.  About  a  decade 
of  laboratory  work,  ranging  frre?  static,  isothersa! 
capsule  experiments  to  highly  sophisticated  pumper' - 
J.oap  tests  has  demonstrated  the  following: 

(1)  Reliable  systems  utilizing  potessius 
or  cesium  up  to  2000  F  can  be  con¬ 
structed  of  first-generation  coluabiua- 
bese  alloys  like  Cfc-lZr,  arc  to  22P3  F 
with  advanced  colts&iua-hase  alloys 
like  l>~43  (10W-lZr),  C-129  (ICW-lCHt), 
and  23-63  (267&~lOW-12r)  . 

(2)  Colimhium-base  alleys  ears  be  used  at 
even  higher  temperatures  in  lithium 
systems . 

(S)  Tantalum-base  alloys  like  Ta-loW  and 
7-H1  (8W-2H£)  appear  satisfactory  for 
potassium  or  cesium  to  at  least  2230  F, 
and  probably  a  few  hundred  degrees 
higher  with  lithiura. 

CORROSHgi  BY  SODIUM  AN?)  XiK 

Hie  corrosion  of  TIG  welds  in  SNAP-8  tanta¬ 
lum  tubing  containing  50  to  520  ppm  oxygen  by  eutec¬ 
tic  NaK  containing  about  10  ppm  oxygen  was  invests  - 
gated  at  General  Electric, (5)  Specimens  were  exposed 
in  tantalum  capsules  fer  either  100  hr  at  1203  F 
or  1000  hr  for  1350  F.  Metallography  shewed  no  tv 5  - 
deuce  of  attack  in  spec icons  containing  220  ppm  oxy¬ 
gen  or  less,  although  all  the  1350  F  specimens  suf¬ 
fered  modest  weight  losses  (presumably  because  of 
oxygen  gettering  by  the  NaK) . 

Specimens  with  270  ppa  oxygen  suffered  2  to 
4  ails  penetration  in  tho  heat-affected  zone,  while 
those  with  520  pps  oxygon  were  much  more  severely 
attacked.  Of  these,  curiously,  the  ones  tested  e* 
1200  F  for  ICO  hr  were  completely  penetrated  (20 
mils),  while  those  tested  at  1350  F  for  1000  hr 
were  attacked  to  a  depth  of  only  about  8  ails. 

The  phenomenon  of  reduced  corrosion  at  in¬ 
creased  temperatures  and  exposure  times  is  explain¬ 
ed  by  the  researchers  as  follows.  Oxygen  in  the  tan¬ 
talum  can  diffuse  to  the  surface  and  dissolve  in  the 
NaK  such  faster  at  1350  than  at  1200  F.  Tn  fact,  at 
1350  F  this  difflision  and  dissolution  occur  so  fast 
that  the  oxygon  concentration  in  the  tantalum  region 
where  corrosion  is  advancing  along  grain  boundaries 
and  crystallographic  planes  can  be  reduced  to  below 
the  corrosion  threshold  and  therebyw!ta»iU£ho  o&jp- 
tration  into  the  specimen.  This  c|n^pt  Jiycci^ls.- 
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»'■>■  ».-•  re  fwsi<m  see*  of  high-.oxyg.sn 

fsr  the  deeper  corrosive  attack 
?’k  ■.  '•  >v  'ts^ared  with  attack  in  the  hcat- 

i  "*>:•- ;d  fortcsJoB  in  feath  the  fusion  and 

f fc v t a ;  of  specimens  containing  270  pps 

'’‘a*  s»rs>  r-e^er®  thaw  in  the  bass  octal .  Cor- 
'•-■ninsvios  :  the  TIC  at-wsphere  (heSica)  with  up  to 
ISO  ppm  e£  a.;”  during  welding  h*<i  no  cbse-tvsbl#  ef- 
on  the  *«M‘s  corrosion  resistance  to  Salt. 

r ,  •  o.'.elcsicn  free  this  study  is  that  weld- 
*>-i  uni  unwelded  tsntolus  ir  the  SHAP-8  boiler  will 
not.  bo  rttsseked  by  the  NsSC  unless  the  tsntalun  con¬ 
tains  273  f>m  exyg-tn  or  higher — a  circumstance 
vhich  is  tmVikeiy  to  develop  accidentally,  by  vir¬ 
tue  cf  the  inaccessibility  of  the  rents Itas-HaK 
.interface  tc  oxygen. 

A  '.ccltm  thrraai  -convection  loop  const  meted 
•a?:  Cb-lZr  vas  operated  ir.  a  vacinsa  enviroisser.t  by 
TsncraJ  Electric  fer  1500  hr  st  a  peak  temperature 
of  3380  F  on?’  a  AT  of  SSG  P  to  check  out  components 
.in  preparation  for  subsequent  tests  on  forced-con¬ 
vection  syst-ens. Posttest  Eetellcgraphic  exaoi- 
nation  of  tubing  specimens  fron  all  regions  of  the 
loop  revealed  no  evidence  of  corrosion  of  either  the 
base  tutorial  or  vcldscnts .  Chemical  analyses  of 
the  tubing  indicated  that  the  nitrogen  and  carbon 
contents  wore  unaffected  fey  the  exposure  but  that 
the  oxygen  level  had  dropped  in  the  hottest  regions 
of  the  loop  end  increased  in  the  cooler  tones.  An 
•jnsxpectedly  high  hydrogen  level  and  consequent 
cxhrittlesant  of  tubing  was  traced  to  the  poettest 
alcohol -cleaning  technique  used. 

Encouraged  by  these  results,  General  Elec- ' 
trie  workers  constructed  a  forced-circulation  Cb- 
12r  loop,  and  ran  it  for  2630  hr  with  a  anxisua 
temperature  of  2065  F  and  a  AT  of  ICO  F.w  As  with 
t Us  theraw  ’ -convection  loop,  detailed  chenical  and 
xcttllur.gical  cKnainatlons  of  the  loop  tubing  re¬ 
vealed  no  evidence  of  significant  contamination  or 
corrosion  fron  either  the  sodium  or  the  vsevua- 
chamber  environment.  Again,  however ,  there  was  a 
transfer  of  oxygen  fro*  the  high-  to  the  low-terapcr- 
iture  sections  of  the  loop  tubing. 


COSFOSfOS  SY  IMfeASiatm 

barters  at  lewis  Research'  CeBtor  succeeded 
in  isolating  mi  identifying  the  hygroscopic  evyatu  1  - 
li»e  solid  resulting  frees  a  t6-hr  tioateent  «  i860  r 
of  a  S-g  coil  of  oxygen-doped  (5303  yps)  0.925-ar. 
tantalum  wire  in  *  tantalum  capful®  eot.cei ning  si.fi1  g 
of  potcssivrv.  (V  %«  tantalum  wire  was  eoupietsly 
2;  oxidised,  and  the  corrosion  product  was  found  by 
%-r.iy  and  chemical  analyses  t©  be  igTsiOg.  The  dis¬ 
solution  *ppe* r>  to  be  governed  by  the  equation 

3'  *  r*  •  «(%)  -  Sw«w 

which  suggests  that  the  extent  of  corrosion  in  the 
tantalisa-esygcn-poteseam  system  can  be  predicted 
if  the  total  aatcsrt  of  interstitial  oxygen  in  the* 
tantalus  is  known.  This  is  consistent  with  results 
of  Oak  Ridge  studies,  which  showed  that  tantalus 
would  give  up  cry g on  to  potassium  at  600  C  (U10  F} 
even  when  the  initial  oxygen  in  the  potassium  was 
very  high  {to  3300  pa*)  and  that  in  the  tcsstalus  wan 
quite  low  (50  rpa).(lo} 

Alloys  of  colunbitae  that  contain  strong  aside 
formers  like  rirccniua  or  yttrium  have  shown  excel¬ 
lent  resistance  to  bailing  potassium  at  temperatures 
up  to  1300  C  (2370  F)  for  tines  as  long  as  S0C0  hr. 
Subsequent  comparable  studies  revs sled  that  without 
such  oxide  formers,  colwsMua  is  heavily  attached  fey 
1200  C  (2190  F)  refluxing  potassium  and  that  the 
severity  of  the  attack  increases  with  increasing  «qr- 
gc  content  of  the  potassium. (10)  This  sensitivity 
to  the  oxygen  content  of  the  potassiua  is  auch  more 
pronounced  In  boiling-refluxing  systems  than  in  won- 
boiling  potassiua  systems.  For  axssple,  additions  of 
up  tc  2400  ppta  of  oxygen  to  the  potassiws  in  an  *11- 
liqitid  (nonboiling)  systsm  caused  only  slight  in¬ 
creases  An  attack  of  tie  colwabiuas.  Use  Oak  Udgc 
researchers  hypothesis  that  the  difference  stexs 
fro*  increased  local  ;o icentratioas  of  oxygen  as  a 
result  of  distillation  effects  in  tho  boiling  process 
While  colusbiun  does  not  ooraolly  getter  oxygen  fra* 
petassiun,  the**  locsl-enrieh»ent  effects  are  be- 
iisvrd  to  drive  the  oxygen  into  the  coltsibiuB  and 
cause  gross  attack.  Tho  usual  behavior  in  the 
colunbiisa-cxygen-potassiu*  system  is  for  oxygen  to 
■igrate  free  the  colusMun  to  the  potassium  at  * 
rate  governed  by  the  diffusivity  of  oxygen  in  coluet- 
biua. 


.Ts;porities  are  known  to  have  an  ixportant 
effect  on  the  corrosion  and  aechar.ical  properties  of 
refractory  ratals,  but  the  aechaniss*  hsvo  not  been 
defined.  Results  of  studies  of  the  kinetics  in  the 
tsntalia-oxygen-sodiua  and  colusbiua-oxygen-sodi<im 
systesjs  carried  out  by  Argonns  should  be  vory  useful 
in  establishing  a  predictive  capability.  C®.1  Start¬ 
ing  with  literature  values  for  the  solubilities  of 
oxygen  in  sodius,  tantalum,  and  eolwsbiua,  the  in¬ 
vestigators  derived  the  parabolic  rate  constants  for 
if -n-'ji  ,  — mr/^oa-t-aivti on  in  tantalua  and  coluaMua  in  the 
1  ■  "  -  p*cie!ice-jiJE_3fo«-oxyg«n  (1  to  20  ppa)  sodiiss.  They 

3^ff^cAs|d  th/ conditions  of  tesapsratuxe  and 
oxyppn  ghetb^t  /if  sodiua  over  which  the  phases  tan- 
t -xma ‘ and  celuabius,  CbO,  and  Cb02  are 
therJSodynas®a’ ly  stable  in  sodium.  Calculated  dis- 
tr.lbulipn  . coefficients  (equilibrium  ratio  of  oxygen 
concent  rat  ios  in  refractory  metal  to  oxygen  cor.cen- 
•  traWcn..in..sediua}  ere  shown  in  Figure  1.  Apparent- 
,  ly,  tantalwaldoes  not  give  up  its  oxygen  to  soditm 

.  .jglt3arly;'aa  ■  rcAdily  as  it  does  to  potassius,  accord - 
'  “  *lTTSf*IS^tt®?W5A-lcn<is  observations  discussed  under 
tiSS.  |  i?iii:cK5T8sil?iW  Potassium.  W 
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nas  summarised  the  Sa':  Ridge  re- 
; ovc?  37, COO  Ur  of  testing  of  the  refrae- 
!--.ry  alley::  Cb-iZr,  0-43  (Cfc-lOW-lZr),  T-llt  (Ta- 
T3f  (-o-a.5Ti-0.I2r),  and  C-U3V  (Co-lOW- 
|fi!li>9.1T)  in  boiling-refluxing  potassium  at  1100 
:-'i  Ut.M,  (2010  to  2550  F).(H)  (Note  that  all  of 
tnese  slltys  certain  an  active  gettering  el«ant.) 

*’■-  seriov.'  corrosion  interactions  were  observed  in 

tests,  the  weight  changes  of  insert  speci- 
feeing  directly  related  to  raigration  of  oxygen. 
"i25ilrr_rec«  on  Cfe-IZr  with  1200  C  (2190  F)  reflux** 
sodiua.  rubidium,  and.  cesium  failed  to  show  any 
significant  differences  in  the  corrosiveness  of  the 
various  alkali  metals,  there  being  essentially  no 
attack  in  each  case. 

Table  i  summarizes  results  of  the  Alcaics 
International  experimental  solubility  program  in¬ 
volving  refractory  metals  and  alloys  in  potassium  or 
lithium.  (i2J  The  addition  of  up  te  2  weight  percent 
of  a  gettering  element  (zirconium,  hafnium,  or  ti¬ 
tanium)  to  tantalum  and  eolusbiua  dramatically  re¬ 
duces  the  apparent  solubility  of  the  metal  in  po¬ 
tassium  or  lithium.  All  solutes  except  rhenium  are 
sore  soluble  in  potassium  than  in  lithium. 

At  United  Nuclear,  molten  potassium  with 
controlled  additions  of  up  to  200  ppm  oxygen  was 
circulated  between  1200  and  1600  F  in  Type  316 
stainless  steel  loops  containing  strings  of  Cb-lZr 
and  stainless  steel  test  specimens  in  the  heater 

logs.  (13)  an 

oxygen  additions  were  apparently 
gettered  rapidly  by  the  Cb-lZr,  as  they  had  no 
observable  effect  o.n  the  stainless  steel  corrosion 
rates  but  caused  a  pronounced  increase  in  the  ini¬ 
tial  rate  of  Cb-iZr  surface  removals-  However,  there 
were  no  identifiable  oxide  films  or  microstructural 
changes  in  the  Cb-lZr  specimens,  which  remained 
ductile.  The  initially  high  corrosicn-weight-loas 
rates  in  the  Cb-lZr  decayed  with  time  and  returned 
essentially  to  normal  rates  (<0.1  mil/year)  in 
about  2500  hr  if  no  further  oxygen  was  added.  In¬ 
creasing  the  potassium  flew  velocity  by  a  factor  of 
13  had  no  obvious  effect  on  the  weight-loss  rate  of 
the  Cb-lZr. 

Six  alloys  (Type  318  stainless  steel,  KS-25, 
das tel lays  C,  K,  and  X,  and  Rene  41)  were  evaluated 
at  Levis  Research  Center  for  ability  to  withstand 
1800  F  boiling  potassium  well  enough  for  use  in 
hardware, for  ground  testing  space-power-system  com¬ 
ponents.  ,(’4)  Capsules  machined  from  rod  stock  of 
tho  test  alloys  wore  exposed  to  1800  F  boiling- 
re  fluxing  potassium  and  examined  metallographically. 
All  of  the  materials  shewed  some  evidence  of  corro¬ 
sion  .  However,  only  the  Type  318  stainless  steel 
exhibited  severe  enough  attack  to  be  eliminated  from 
further  consideration.  An  interesting  sidelight  of 
this  work  is  that  the  potassium,  which  contained  no 
core  than  20  ppa  oxygen  initially,  showed  up  to  500 
ppm  oxygen  after  the  test.  The  source  of  the  oxy¬ 
gen  is  unknown,  but  the  greatest  pickup  occurred  in 
the  capsules  that  were  attacked  the  most.  The  ma¬ 
terials  could  be  arbitrarily  ranked  into  three 
groups.  Most  resistant  were  Ren&  41  and  HS-25;  next 
were  Hastelloys  N,  C.  and  X  (in  that  order);  and 
finally.  Type  318  stainless  steel. 

A  Type  316  stainless  steel,  gas-fired  loop 
and  potassium  vapor-turbine  test  facility  was  con¬ 
structed  by  General  Electric.  Testing  of  candidate 
refractory  turbine  alloys  was  done  by  inserting 
sample  blades  and  stationary  inserts  in  the  turbine 
second  stage  and  running  a  2100-hr  endurance  test 
with  turbine-inlet  potassium  vapor  at  1500  F.(15) 
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Minimal  deterioration  of  the  stainless  steel  turbine 
parts  and  the  sample  rotor  blades  of  U-700,  TZM, 
and  TZC  occurred.  Average  weight  losses  of  the  U- 
700  blades  after  the  2100-hr  run  were  0.3  percent 
(Stage  1)  and  0.02  percent  (Stage  2) ,  and  the  TZM 
and  TZC  blades  In  Stage  2  lost  about  0.1  percent  in 
weight. 


In  view  of  these  encouraging  results,  the 
turbine  was  tested  for  an  additional  3000  hr,  with 
the  following  conclusions:  U6) 

(1)  The  oxygen  and  carbon  levels  in  the 
potassium,  which  were  low  at  the  outset, 
were  reduced  even  further  as  the  test 
progressed.  This  may  be  part  of  the 
reason  that  blade  corrosion  was  less  in 
the  3000-hr  test  than  in  the  2100-hr 
test. 

(2)  The  room-temperature  ductility  of  the 
U-700  blades  in  the  first  stage  was  re¬ 
duced  because  of  sigma-phase  formation, 
and  the  room-temperature  ductilities  of 
the  refractory  alloys  were  in  some  in¬ 
stances  likewise  lowered. 

(3)  Some  erosion  of  the  Ren£  41  blade  clips 
and  of  the  Type  316  stainless  steel 
shrouds  in  both  stages  was  noted,  al¬ 
though  even  the  worst  erosion  (second 
stage)  was  not  considered  serious. 

(4)  The  observed  mass-transfer  and  alloy- 
depletion  effects  were  also  not  con¬ 
sidered  serious,  being  generally  less 
than  1  mil  deep. 

(5)  There  was  no  damage  to  the  turbine  which 
compromised  its  safety  or  reliability. 

Oak  Ridge  has  completed  a  3000-hr  test  of  a 
Cb-IZr  boiling-potassium  forced-circulation  loop  con¬ 
taining  three  stages  of  nozzles  and  simulated  turbine 
blades  subjected  to  97  to  S3  percent  quality  potas¬ 
sium  vapor  at  1015  to  680  C  (1860  to  1256  F).(17) 

The  only  surface  change  found  in  the  entire  loop  was 
a  roughening  of  the  leading  edge  of  the  second-stage 
blade  specimen  to  a  depth  of  1  mil  where  it  had  been 
impinged  upon  by  3080  ft/scc  vapor  of  83  percent  qual¬ 
ity.  The  Cb-lZr  alloy  had  gettered  oxygen  from  the 
potassium — particularly  in  the  hotter  loop  regions. 

A  chromium-rich  layer  found  on  the  second-stage  blade 
was  attributed  to  chromium  leached  from  the  stain¬ 
less  steel  pump  cell.  This  suggests  that  stainless 
steeJ  components  should  have  been  avoided  altogether. 
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since  even  this  very  Halted  surface  area  of  low- 
teapersture  stainless  caused  noticeable  chromium 
transport.  The  creep  resistance  of  Cb-lZr  Is  aar- 
(Inal  for  service  near  1100  C  (2010  F),  as  evidenced 
by  a  significant  Increase  in  diaaeter  of  the  tubing 
at  the  dryer  section  of  the  loop. 

COMOSIOH  »Y  LITHIUM 

The  results  of  short-tiae  tensile  tests  of 


The  feasibility  of  evaporatively  cooling  re* 
f rectory  rocket-nox lie- throat  liners  was  demonstrated 
at  Aerojet -General  by  test  firing  a  2.7-ia.-dlsm 
lithlua  cooled  liner  for  60  seconds  at  (70  psia 
chafer  pressure,  (500  F  flame  temperature,  cad  high¬ 
ly  alumi ailed  solid  propellent,  with  no  apparent 
erosion. (30)  The  flame-side  throat  temperature  of 
the  T-222  alley,  0.130- in. -thick  liner  was  designed 
to  stabilise  at  4360  p. 


Soviet-developed  experimental  alloys  for  service  in 
aolten  lithium  are  shown  in  Figure  2.(1*)  Sheet 
tensile  speciaens  were  encapsulated  in  a  coliad>iua 
tube  containing  filtered  lithlua  (100  ppa  oxygen 
and  190  ppa  nitrogen),  soaked  at  1000  C  (1(30  F)  for 
the  tines  shown,  then  tensile  tested  in  an  argon 
atmosphere.  The  results  (solid  curves)  were  coa- 
pared  with  those  for  identical  control  speciaens 
(dashed  curves)  which  had  been  given  siailar  heat 
treataents  in  argon  without  lithium  present.  The 
lithium  apparently  had  a  negligible  influence  on 
the  strength  and  ductility  of  PH-3,  PH-5,  and  PH-6, 
and  only  a  slight  weakening  effect  on  PH-2. 

The  Jet  Propulsion  Laboratory  has  been 
studying  a  aagnetohydrodynaaic  (MB)  power  system 
in  which  liquid  lithlua  is  accelerated  by  ceslua 
vapor  in  a  two-phase  ncixle,  separated  from  the 
cesiua,  decelerated  in  an  MB  generator,  and  final¬ 
ly  forced  by  its  reaaining  dynamic  head  through  a 
heat  source  and  back  to  the  nozzle.  There  were 
indications  that  aaterials  which  had  withstood  sta¬ 
tic  lithium  at  1090  C  (1995  F)  were  badly  eroded 
after  100  hr  under  a  150- ft/sec  1090  C  lithium  Jet. 
The  alloy  Cb-lZr  was  least  affected. 

Follow-up  experiments  corroborated  these 
observations  quantitatively. O*)  Two  aaterials,  Cb- 
lZr  alloy  and  yttrium  oxide,  were  subjected  to  the 
lithlua  streaa.  After  109  hr  at  1143  C  (2090  F), 
the  yttria  specimens  were  completely  dissolved.  The 
maximum  depth  of  aaterlal  removed  from  the  coluUblia 
alloy  after  aa  additional  391  hr  at  1090  C  was  7  it. 
This  value  corresponds  to  the  depth  calculated  from 
turbulent  mess-transfer  relations  for  staple  disso¬ 
lution  if  the  temperature  coefficient  of  solubility 
is  taken  to  be  1.2  x  10'*  g  Cb/(g  L1)(C). 


Soluble  corrosion  inhibitors  for  lithium- 
refractory  metal  systsae  have  beta  Investigated  at 
ArgontM .  Corrosion  of  taatalta  by  lithium  has  been 
found  to  ha  inhibited  by  additions  of  silicon  or 
iridium. (21)  For  silicon,  the  protective  layer  was 
Identified  as  TajSi.  Pith  1.0  and  1.5  atomic  percent 
iridium  additions  to  lithiia  in  high-purity  tantalum 
capsules,  s  SO-u  protective  layer  waa  found  after  a 
9-day  exposure  at  1200  C  (2190  F).  The  layer  con¬ 
sisted  of  three  phases:  Tajlr  next  to  the  tantalum, 
Talrs  on  the  outside,  and  Tnlr  in  between. 

Examination  of  (2  insert  specimens  from  a 
T-222  (Ta-10.2K-2.3Hf-0.014C)  therml -convection 
loop  after  3000  hr  of  lithium  circulation  at  1350  to 
1140  C  (2460  to  20SS  F)  and  2.S  ft/sec  disclosed 
very  small  hot-zona  weight  losses  (O.t  ag/ca2,  max) 
over  about  two  thirds  of  the  loop  and  mininel  cold- 
zone  weight  Cains  (2.0  ag/cm2,  max)  over  the  remain¬ 
ing  third. (“>  A  significant  transfer  of  hafnium 
from  the  hotter  to  the  cooler  regions  was  noted; 
surfaces  near  the  heater  entrance  analyzed  as  much 
as  60  weight  percent  hafnium. 

A  Cental  1  University  dissertation  on  the 
penetration  of  grain  boundaries  of  coltaMslua  by 
lithium  at  (00  to  1050  C  (1470  to  1920  F)  also  In¬ 
cludes  a  quantitative  nodal  for  the  process . C2*)  The 
Columbian  specimens  consisted  of  oriented  bicrystals , 
each  containing  a  staple  tilt  grain  boundary  at  an 
angle  of  6,  16,  or  33  degrees,  and  0  to  2400  ppm  of 
oxygen.  The  following  observations  were  reported: 

(1)  Speciaens  without  oxygon  showed  no  re¬ 
action  with  lithium;  the  reaction  rate 
increased  with  increasing  oxygen  con¬ 
tent. 


FIGUtt  2.  EFFECT  OF  EXPOSURE  TO 
MOLTEN  LITHIUM  ON  THE 
1000  C  TENSILE  PaOPBR- 
TIE3  QP  EXPERIMNTAL  .... 
OOUMIUM-IASE  ALLOTS1**' 

Solid  Curves:  specimens  soaked  la 
lithium  at  1000  C. 

Dashed  Curves:  specimens  heated 
la  argon  at  1000  C. 


U;  S$t>ci&zts  of  all  thyeo  orient 

suffered  (iarfass  snack,  but  only  Os 
15  and  ?T  dcgrea  spec  tews  sieved  pms> 
ermtial  attack  in  eh?  grain  boundaries, 
j’n  tbs  Jotter,  tba  depth  of  gratn- 
.©ousdexy  penetration  Increased  as  the 
.-•quara  root.  of  erpetur*  tiso. 

•'ho  :i«  constant,  k,  fv-r  grain- 
betndasy  attack,  according  to  X  (depth 
of  penetration)  *  2,  had  fin  acti¬ 

vation  energy  of«70  fccai/sol©. 

i*’j  v’or.etration  was  anisotropic,  the  rate 
£*!S*U»1  with  the  co^soiT'''  llQo  being 
lurRcr  than  the  rate  prrptr.dicj:)  ar  to 
it. 

.  (5)  Ths  corrosion  process  appeared  to  be 
control  Jed  by  solid-state  grain- 
bcispdary  diffusion. 

The  effect  of  oxygen  ©sstsaittatiea  of  T-lil 
arj  T-222  TIC-weldsd  .specimens  on  their  corrosion 
resistance  Co  lithium  was  deterained  at  Oak  Ridge 
in  ICS -hr  exposures  at  750  and  1200  C  (1S?2  and 
2132  F) .  (10)  Mo  ©Stack  of  the  weld  or  heat-affected 
tents  was  oSmssred  in  samples  containing  up  to  540 
ppn.  ctygrn.  Hwww,  the  base  metal  was  attacked  to 
a  crstii  of  10  ails  unless  it  had  been  heat  treated 
far  2  hr  at  12 00  C  (2372  F)  after  welding.  This 
•tos  s.tplainsd  by  ©ha  fact  that  the  weld  heat  was 
sufficient  to  hexagenic®  Che  cnygen  concentration 
precipitation  of  Hf02  In  the  weld  and  in 
the  hcat-affccted  ter.o,  hot  not  in  the  base  sstal . 
Unless  the  baso  sctal  was  annealed,  the  large  con¬ 
centration  of  oxygen  near  the  surface  rendered  it 
susceptible  to  heavy  attack. 

Workers  at.  the  Lawrence  Radiation  Laboratory 
have  devised  a  pumped-capsule  apparatus  for  dynaaie 
carrcsien  testing  of  materials  by  high-temperature 
molten  o«csls.(-4)  They  desenstrated  its  feasibil¬ 
ity  by  circulating  liquid  lithium  ei  about  3500  C 
(2723  F)  (hot  end)  and  12S0  C  (2280  F)  (cold  end) 
ct  about  i  ft/sec  for  close  to  700  hr  sad  found 
little  corrosion  damage  to  the  tf-SO  at.%  Ko-30  at.% 
ciip.-uls  parts.  The  posted  capsule  consists  of  a 
deseid  tube  containing  a  splitter  plate  which  sepa¬ 
rates  th.a  bore  into  two  semicircular  channels.  Th® 
two  chsrassl*  Join  at  both  md#  of  the  tube  to  for* 
a  corpletc  loop.  The  molten  metal  is  circulated  by 
n  d-c  elactrenagnetie  Faraday  conduction  puep.  Heat¬ 
ing  cne  end  of  th©  tube  and  cooling  the  other  siau- 
Istci.  a  polythermal  coolant  loop. 

CORROSION  BY  MERCURY 

To  gain  a  better  understanding  of  the  mecka- 
nisa  and  kinetics  of  corrosion  of  materials  used  in 
r.exc’ay  Rankir.e-cyclo  systesss,  108  refluxing-sercury 
caosule  tests  wore  run  at  Lewis  Research  Center  on 
the  cobalt-base  alloys  HS-25  and  H-8187  and  the  iron- 
base  alloys  SICW3MQ-954,  AN-35'5,  and  AM-3SS.vZs)  Ex¬ 
posure  tiuos  up  to  5000  hr  *  id  teaperatures  between 
l COO  sr.d  1300  F  were  employeii 

Three  types  of  attack  wer*  observed.  The 
AM  alloys  suffered  unifora  surface  dissolution  and 
surface ’depletion  cf  manganese,  chromium,  and  nickel, 
ry.s  113-23  end  H-8187  showed  ioched-out  porous  corro¬ 
sion  tones,  depleted  in  nickel,  chrceiua,  and  cobalt 
and  enriched  in  tungsten.  The  5ICR0N0-SM  had  a 
channel-like,  grein-boundat-  -penetrated  corrosion 
tens  with  no  compositions!  change.  As  can  be  seen 
in  Figure  3,  all  except  the  AM  alloys  underwent 
changes  jn  acchanisas  of  corrosion  with  tia«.  In 


the  linear  regiucs,  boundary-lay**  dyffasiorj  %».  v 
f*rs&fible  rate-controlling  step,  whereas  in  the  ps 
Boiic  regiaes  it  is  mere  likely  liquid 
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FIGURE  3.  CORKQSION  RATE  OF  TEST  ALLOTS  BY  REFLUX¬ 
ING  MERCURY  AT  1100  fC25) 


In  the  SHAP-2  version  of  the  Mercury  Rankin® 
Rover  Conversion  Prograa,  reactor-heated  llaK  Is  pusp- 
cd  through  a  NsK-to-ocrcary  boiler  and  the  atreer/ 
vapor  drives  a  turbogenerator  unit.  The  extensive 
mercury-corrosion  tests  conducted  under  this  progress 
hev#  been  aussasriced  in  several  topical  reports  by 
TRW  Equipment  Laboratories . (26,27)  In  addition  to 
over  1  Kill ion  hours  of  cspsulo  and  loop  testing, 
sore  than  30,000  hours  of  boiler-test  operation  was 
accumulated.  Figure  4  shows  a  representative  mass- 
transfer  pattern  in  one  ©f  the  KS-25  test  boiler 
tubes  after  2200  hours  of  operation.  This  was  the 
result  of  selective  leaching  of  various  elements 
frosa  the  HS-25.  The  deposits  are  predominantly  co¬ 
balt  (35  weight  percent),  with  sose  iron;  the  leached 
tone  is  depleted  in  nickel,  chroaiue,  and  cobalt,  and 
somewhat  enriched  in  tungsten. 


FIGURE  4.  COraOS ION -TEXPERATUKE  C0SRSLATI0N  FOR.,,  . 

fiaK-!iEATED  HS-25  MERCURY  BOIJJiR  TOBE1*0' 

The  corrosion  products  carried  by  the  eerciay 
pose  a  major  system- design  problem  because  of  their 
tendency  to  deposit  in  critical  areas  like  tseresay- 
lubricated  sleeva-bearing  surfaces,  lubricaat-line 
filters,  the  mercury  ptatp,  and  the  turbine  noisles 
and  vanes.  These  corrosion  products  have  been  iden¬ 
tified  as  ferrites,  possessing  a  spinel  structure  of 
either  the  gassaa  M cgCj  or  MejC*  type.  Their  effects 
can  be  winiuiacd  by  operating  the  boiler  and  conden¬ 
ser  for  at  least  200  hr,  then  flushing  with  clean 
Bercury  and  recharging  before  operating  the  turboalter* 
natcr  unit.  This  preconditioning  eliainates  th* 
bulk  of  the  corrosion  products;  their  concentration 
drops  to  a  steady-state  of  around  0.01  ppa  in  the 
liquid  after  reaching  a  such  higher  value  in  the  first 
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100  to  200  hr.  Since  the  major  source  of  corrosion 

products  J^tfcn  boiler,  -vaintaining  a  high-vapor  qual 
:t;  pirc cat)  at  the  exit  *111  minimise  carry 


A  great  deal  of  effort  has  gone  info  *??« 
-.‘valuation  o:r  SCr- V.fe  steel  as  the  construction  sa- 
terisl  for  the  aercury  boiler  in  the  SNAPS  space 
prater  system-  A  report  has  been  issued  by  Aerojet- 
Central  tvmariziog  earlier  capsule  and  J cop-test 
findings  and  describing  both  an  analytical  method 
■used  to  predict  corrosion  behavior  and  a  final  set  of 
leap  experiments  to  confirm  the  analysis. (2 3)  This 
led  to  the  ftij lowing  conclusions: 

ii;  Corrosion  of  i5Cr~JKo  stool  by  flowing 
mercury  is  by  dissolution  of  the  alley 
constituents  in  the  mercury. 

(2)  Ifee  corrosion  rate  is  velocity  depen¬ 
dent,  suggesting  that  the  rate-control - 
ling  step  is  diffusion  transport  of 
solute  solccules  through  the  lsainar 
sublayer  adjacent  to  the  wall. 

{3}  Corrosion  rates  can  be  calculated  by  a 
mass- transfer  equation  which  indicates 
that  under  the  fully  wetted  condition 
required  for  good  heat  transfer,  9Cr- 
IMo  steel  is  not  suitable  for  10,000- 
hr  service  in  the  SNAP-8  boiler, 

(4)  Materials  like  tantalua  and  co lush lira, 
which  are  essentially  insoluble  In 
mercury,  are  preferable  to  OCr-Ulo 
steel . 

CAVITATION  IN  LIQUID  METALS 

The  problems  of  cavitation  in  liquid  metals 
were  reviewed  in  a  paper  by  Haamitt,  with  particular 
emphasis  c:i  their  application  to  the  sodium-cooled 
fast  breeder  reactor  and  cavitation  similitude  be¬ 
tween  water  and  sodium. (29) 

As  a  guide  to  the  selection  of  construction 
satcrials  for  thu  low-pressure  components  of  a  potas¬ 
sium-vapor  Rankine-cycl®  system,  Hydronautics  studied 
cavitation  damage  of  candidate  materials  in  potassium 
up  to  705  C  (1380  F).  The  materials  were  Type  316 
stainless  steel,  TZC,  T-lll,  Cb-132M,  and  TiC-lOCb. i30) 
The  TiC  ceimet  was  by  far  the  most  erosion  resistant 
at  600  F.  However,  at  1000  F,  It  showed  the  poorest 
resistance  and  T-lll  was  best. 
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60,  April  2-4,  1968. 

(K>  loMmfcly*.  «  «i*  ^Nowfeasata  <wd  Iltwiim  vt  Cmmi  3*  of 
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